INTRODUCTION
The growth of bacteria in the oral cavity involves the degradation of host-derived glycoproteins (including salivary mucins) and proteins (Beckers & van der Hoeven, 1982; Beighton & Hayday, 1986; Beighton e t al., 1986) .
The particular glycosidic enzymes produced include sialidase, P-galactosidase, P-N-acetylglucosaminidase, P-N-acetylgalactosamjnidase, a-and P-mannosidase and afucosidase (Kilian et al., 1989 ; Beighton e t al., 1991 ; Slots, 1981) . These enzymes can catalyse hydrolysis of the oligosaccharide sidechains and the liberation of carbohydrates which are thus made available to the resident microflora for growth. Additionally, removal of the oligosaccharide sidechains increases the proteolytic susceptibility of the protein core (Gottschalk & Fazekas de St Groth, 1960; Sharon & Lis, 1982) , which can thus be degraded by a wide range of bacterial exo-and endoproteolytic enzyme activities to release peptides and amino acids which may then be utilized. The effect of these Abbreviations: HGM, hog gastric mucin; &MU, 4-methylumbelliferyl; AMC, 7-amido-4-methylcoumarin. bacterial activities is that the growth rate of bacteria in dental plaque can be sustained even in the absence of host diet (Beckers & van der Hoeven, 1982; Beighton & Hayday, 1986; Beighton e t al., 1986) . Withdrawal of the host diet leads to significant increases in the plaque levels of these specific glycosidic and non-specific proteolytic enzyme activities (Smith & Beighton, 1986 , 1987 .
In order to study the role of the resident microflora in the catabolism of complex, endogenous molecules, hog gastric mucin (HGM) (Beighton e t al., 1988; Glenister e t al., 1988 ; Bradshaw e t al., 1989) or heat-inactivated human serum (ter Steeg e t al., 1988) have been used as model substrates. When pooled dental plaque was used as the inoculum in continuous culture studies these substrates were found to support complex microbial communities of plaque bacteria (Beighton e t al., 1988; Glenister et al., 1988; Bradshaw etal., 1989; ter Steeg etal., 1988) . In such studies, bacterial growth was accompanied by the production of degradative enzyme activities and by the utilization of the added glycoproteins. However, the use of complex, poorly defined inocula did not readily enable the role of particular species to be established. Batch D. J. BRADSHAW a n d OTHERS culture studies have demonstrated that simple combinations of certain species of dental plaque bacteria degrade proteins and glycoproteins synergistically (Gharbia et al., 1989; van der Hoeven & Camp, 1991 ; Homer & Beighton, 1992) .
The aim of the present study, therefore, was to investigate further the role of particular enzymes produced by members of the resident oral flora in (i) the persistence of individual species, and (ii) the development and stability of oral microbial communities, when growing on complex macromolecules. These studies were performed by establishing increasingly diverse (but defined) mixed cultures of oral bacteria in a chemostat in which HGM was the main carbon and energy source. HGM was used as the model substrate because it shows the highest similarity in oligosaccharide structure with human salivary mucin (Herp et al., 1979) .
Bacterial strains. The bacteria used in this study were Streptococcus mutans R9, Streptococcus oralis EF186, Streptococcus gordonii NCTC 7865, Neisseria subjava A1078, Veillonella dispar ATCC 17745, Lactobacillus casei AC413, Actinomyces naeslmdii (formerly Actinomyces viscosus, Johnson et al., 1990 ) WVU 627, Porphyromonas gingivalis W50, Prevotella nigrescens "588 (formerly P. intermedia, Shah & Gharbia, 1992) and Fusobacterium nzlcleatfim ATCC 10953. These species were chosen on the basis of their relevance in oral microbial ecology, and for their ease of identification (McKee et al., 1985) . They were maintained and stored as previously described (Bradshaw e t al., 1989) .
Growth of bacteria in batch culture. The production of glycosidases by the above bacteria was determined by culturing each strain, in duplicate batch culture, in complex medium (modified BM; McKee et al., 1985) diluted 1 :5 (BM/5) but supplemented with 0.25% HGM (Sigma). The final composition of the medium was thus (g per 1 distilled water) : HGM, 2.5; proteose peptone (Oxoid), 2; yeast extract (Difco), 1; cysteine. HC1 (Sigma), 0.1 ; haemin (Sigma), 0.001. The pH was adjusted to 7.4 prior to autoclaving. When bacteria were grown in pure culture in BM/5 without HGM, growth was insufficient for enzyme analysis. After appropriate incubation (3 d aerobically for N . subjava, 4 d anaerobically for L. casei, A . naeslundii and all the streptococcal species, and 6 d anaerobically for Por. gingivalis, Pre. nigrescens, F. nucleaturn and V. dispar), cells were harvested by centrifugation. Supernatants were decanted and stored at -20 OC, as were the bacterial pellets. All cell pellets and culture supernatants were assayed for specific glycosidic and proteolytic enzyme activities.
Measurement of bacterial enzyme activities. Glycosidic and proteolytic enzyme activities were measured using fluorogenic substrates essentially as previously described (Homer e t al., 1992) . Briefly, specific glycosidase activities were determined using 4-MU-linked substrates (CMU-a-~-fucoside, 4-MU-a-Nacetylneuraminate, 4-MU-N-acetyl-/?-~-glucosaminide, 4-MU-/?-D-mannoside, 4-MU-/?-~-galactoside, 4-MU-N-acetyl-/?-~-galactosaminide) while proteolytic activities were monitored using glycyl-prolyl-AMC and benzoyl-arginyl-AMC as model substrates. Bacterial cell pellets were thawed at ambient temperature and resuspended in 50 mM TES buffer, pH 7.5. Enzyme assays were set up in clear, flat-bottomed microtitre trays, using 50 pl substrate solutions (100 pg ml-') in TES buffer, 50 pl TES buffer and 100 p1 cell suspension or culture supernatant. The TES buffer was supplemented with 4 m M dithiothreitol for assays with the anaerobic bacteria. All assays were performed in duplicate and incubated anaerobically at 37 "C. Control assays contained TES buffer in place of bacterial suspensions or culture supernatants. Relative fluorescence values were read at intervals over 5 h on a fluorimeter fitted with a plate reading attachment (LS-3BY Perkin-Elmer) at excitation and emission wavelengths of 380 nm and 460 nm, respectively. Product formation was estimated by comparison of fluorescence values with standard curves of either 4-methylumbelliferone or 7-amido-4-methylcoumarin. The protein concentration of bacterial cell suspensions was estimated after extraction with 0.5 M NaOH with the Coomassie Blue dyebinding assay (Sigma) using bovine serum albumin (Sigma) as the standard. Specific enzyme activities were expressed as nmol h-' (mg protein)-' or as nmol h-' (ml supernatant)-'.
Chemostat growth of mixed bacterial communities. Increasingly diverse bacterial communities were grown in a chemostat as described previously (Bradshaw e t al., 1989) . The chemostat growth medium was BM/5 supplemented with 0.25% HGM; the pH and temperature were maintained automatically at 7.0 k0.1 and 37 "C, respectively, and the dilution rate ( D ) was 0.1 h-' (equivalent to a mean generation time of 6.9 h). The working volume was 500 ml, and the gas phase was 5 % CO, in N, (Distillers).
Initially a five-species community was established in the chemostat by inoculating the culture with a pooled inoculum consisting of S. mutans R9, S. gordonii NCTC 7865, N . subjava A1078, V. dispar ATCC 17745, and F . nucleatum ATCC 10953.
These organisms were selected as they constitute commonly isolated members of the normal plaque microflora but which, with the exception of S. gordonii, do not produce detectable glycosidase activities relevant to the degradation of the oligosaccharide side chains of HGM. A steady state was allowed to establish (5 d at D = 0.1 h-') and culture samples were taken for microbiological analysis.
In order to introduce sialidase activity, S. oralis EF186 and A. naeslundii WVU 627 were inoculated into the five-species community to establish a seven-species culture. A new steady state was established and samples were removed for microbiological analysis. An eight-species community was established with the addition of L. casei AC413, which had a-fucosidase activity, and appropriate culture samples were again taken. The complexity of the community was then further increased by the addition of Por. gingivalis W50 (with high endopeptidase activity and the ability to degrade benzoyl-arginyl-AMC) to form a ninespecies community. The most diverse community, a ten-species community, was achieved by the addtion of Pre. nigrescens T588 (with moderate endopeptidase activity as judged by glycylprolyl-AMC hydrolysis and unable to hydrolyse benzoylarginyl-AMC). A new steady state was achieved before samples were taken for viable counts.
Enumeration of bacteria in chemostat samples. Individual bacterial species in samples taken from the chemostat were enumerated by decimal dilution of the culture and plating aliquots on a range of selective and non-selective culture media as described previously (Bradshaw et al., 1989) . Mutiple samples were taken during each steady state. The detection limits for the species were 10 c.f.u. ml-' for A. naeslundii, N . subJava and L. casei; 10, c.f.u. ml-' for Pre. nigrescens, S. gordonii and S. mutans; lo3 c.f.u. ml-' for F. nucleatum; lo4 c.f.u. ml-' for V. dispar and S. oralis; and lo5 c.f.u. ml-' for Por. gingivalis. The total number of bacteria in each steady-state community and the individual bacterial counts were expressed as log,,(c.f.u. ml-'), and the mean j, standard deviation (SD) of individual counts for each * Trypsin-like activity measured by hydrolysis of benzoyl-Arg-AMC substrate. (2) steady-state community were calculated. Mean values were compared initially by ANOVA, and then by pair-wise cornparisons of the steady-state communities, which were made using the Scheffe multiple comparison test (Statgraphics) with P < 0.05 accepted as the level of significance.
varied markedly in their range of glycosidic and endopeptidase activities. No single species produced all of the enzymes assayed for.
Consideration of these data enabled defined mixed cultures to be constructed with precise patterns of glycosidase and protease activities. Thus, the bacterial species selected for the initial bacterial community possessed minimal /?-galactosidase and a-fucosidase activity and no sialidase activity, thereby limiting its ability to catabolize HGM (Table 1 ). No. of bacterial species in chemostat 
Bacterial population dynamics of defined mixed cu Itu res
The five-species community reached a steady state in the chemostat. Stable steady-state communities were also attained following the addition of species to make mixed cultures with seven, eight, nine and ten members ( Table  2 ). The total viable count of the steady-state mixed cultures increased significantly ( P < 0.001) from 7.91 & 0.05 in the five-species community to 8.40f0.07 in the nine-species community ; there was a small, non-significant reduction to 8.37 0.08 in the ten-species community (Table 2 ). Fig. 1 shows that the increase in the numbers of bacteria is a combination of an increase in the numbers of bacteria in the extant community plus a contribution from the newly added species.
The overall effect on the levels of individual species as the diversity of the community increased is shown in Table 2 .
Viable counts of N. subjava and V. dispar increased markedly, particularly when the diversity of the community increased from five to eight species. The levels of other species such as S. mtrtans, S. gordonii and L. casei also rose, but to a lesser degree. In contrast, the mean viable counts of F. nucleaturn and S. oralis remained relatively constant within microbial communities of increasing diversity; this was also observed with Por. gingivalis.
DISCUSSION
The growth of bacteria in the oral cavity is primarily dependent upon the ability of dental plaque bacteria to utilize endogenous nutrients, especially glycoproteins, including salivary mucins. Observations in rats (Beckers & van der Hoeven, 1982) and macaque monkeys (Beighton & Hayday, 1986 ; Beighton e t al,, 1986) have
shown that withdrawal of the diet, but not drinking water, for short periods does not significantly alter the rate of bacterial growth in dental plaque. Likewise, fasted laboratory animals (Kilian & Rolla, 1976 ) accumulate dental plaque with a similar microbial composition to that formed during conventional feeding. Bacteria may liberate nutrients for growth from the oligosaccharide sidechains of glycoproteins, from peptides derived from the protein core of glycoproteins, and from non-glycosylated proteins, by the action of specific glycosidases and nonspecific proteases, respectively. Changes in the levels of these enzyme activities can be measured in dental plaque of monkeys receiving different dietary regimens (Beighton & Smith, 1986; Smith & Beighton, 1986 , 1987 .
In laboratory studies using simple and defined mixtures of Camp, 1991) . Chemostat studies using complex microbial communities derived from pooled dental plaque have indicated that the degradation of serum proteins is accomplished by the synergistic and concerted action of various bacteria ; different stable bacterial populations were also found to exhibit the same metabolic capabilities (ter Steeg e t al., 1988) .
In the present study, HGM has been used as a model glycoprotein as its oligosaccharide structure is similar to that of many human glycoproteins (Herp e t al., 1979) . The carbohydrates in the side chains of mucin-type (0-linked) glycoproteins are primarily sialic acid, galactose, Nacetylglucosamine and fucose and are linked via either serine or threonine to the protein core. These carbohydrates are present in different combinations, though sialic acid and fucose are always terminal and galactose and N-acetylglucosamine are /3-linked. Mannose, present in N-linked oligosaccharide side-chains, may be either uor p-linked (Herp e t al., 1979) . The diversity of these sidechains and of the protein core result in a complex molecule whose degradation will result only from the action of several bacterial enzymes. In the present study, a five-species community was able to establish in the chemostat and reach a steady state. Subsequently, further steady states were achieved when additional species were introduced. Implicit in this observation is that microbial interactions are occurring (Veldkamp, 1976) , and/or the growth of the component species was not being limited by the same nutrient (Alexander, 1971 ; Pirt, 1975) . Further, in each steadystate community a given species might be limited by a different nutrient. The total number of bacteria (c.f.u. ml-l) rose significantly as the species diversity increased, especially from the five-species community to the nine-species community. However, there was no significant increase in bacterial numbers upon the addition of Pre. nigrescens to the nine-species community, confirming that the introduction of this species was not accompanied by the addition of any novel degradative abilities. The order in which the bacteria were introduced may influence the steady-state community structures, as we were unable to introduce successfully Pre. nigrescens into the five-species community (data not shown).
The rise in viable count of the community as the species diversity was increased was not due simply to the numbers of added cells. Generally, there was a greater contribution due to the increase in numbers of some existing members of the community. Thus, the introduction of further degradative enzyme activities not only enabled the newly added species to establish within the existing microbial community but, in doing so, also provided additional substrates for growth and further catabolic opportunities for species within the pre-existing populations.
There appeared to be three types of microbial response as the diversity of the community increased step-wise. Firstly, there was an increase in the numbers of the preexisting members of the community for the reasons described above (although V. dis-ar may also increase in numbers due to the elevated levels of lactate arising from the metabolism of the HGM-derived carbohydrates by other species). Secondly, there were certain species, especially F. nzlcleatzcm, which remained at a constant level throughout the changes to the species diversity of the community. This implies that the metabolism of these species was not markedly influenced by other organisms. This may be because they neither co-operate nor compete with other members of this model community, i.e. their metabolic niche or domain does not coincide or overlap appreciably with those of the other species in the present consortium. This is supported by some observations of cultures grown in the absence of HGM, in which F. nzlcleatzcm predominated, indicating that it depended largely upon the peptide components of the medium for its success in the culture (unpublished observations).
Thirdly, the consistent loss of A. naeslzlndii with each stepwise addition of other species implied that competition could occur between the new and existing members of the community. The observation that A. naeslzlndii was not totally displaced from the community underlines the diversity of nutritional niches that are presented to bacteria by macromolecules as complex as glycoproteins.
In conclusion, this study has confirmed that HGM can support the growth of diverse bacterial communities. The degradation of glycoproteins involves the synergistic and concerted action of several species which possess complementary patterns of glycosidase and protease activities.
The metabolism of such molecules is one mechanism by which the stability and diversity of microbial communities, characteristic of many natural environments, may be maintained.
